The replication region of the 111-kb circular plasmid pKNR from Rhodococcus opacus B-4 was identified. A PCR-based deletion analysis using the Red recombination technique followed by restriction digestion and PCR-amplification analyses revealed that a 2.5-kb fragment covering one putative open reading frame (ORF) was involved in the replication of pKNR. The product of this ORF showed significant similarity to a functionally unknown protein encoded in the replication region of the 70-kb circular plasmid of Clavibacter michiganensis and to ones in other bacterial large circular plasmids. These observations suggest that the product of the identified ORF and its orthologs can serve as novel replication proteins for large circular bacterial plasmids.
However, as long as the use of biocatalysts is restricted to natural, aqueous reaction media, their applicability in industrial synthesis is limited.
3) The use of organic solvents as reaction media has the potential to expand the repertoire of biocatalytic productions. Although many enzymes retain their activities in organic solvents containing little or no water, most of those examined to date are relatively simple hydrolytic enzymes. [3] [4] [5] [6] The next challenge in this area is the utilization of more complex enzymatic reactions involving multicomponent enzymes, cofactor-dependent enzymes, and multistep enzymatic conversion in organic solvents. Hence, attention has been given to the use of whole-cell biocatalysts in the presence of bulk amounts of organic solvents. 7, 8) Rhodococcus opacus B-4, isolated from a gasolinecontaminated soil, 9) preferably adheres to water-immiscible organic solvents and is dispersible even in essentially water-free organic solvents. [10] [11] [12] We have investigated the effects of surface lipophilicity of R. opacus cells on their catalytic abilities in an aqueous-organic two-liquid phase culture. 13, 14) Our results indicate that R. opacus B-4 can more easily access and take up a water-insoluble substrate dissolved in an organic medium than hydrophilic bacteria can. Similarly, Jimenez and Bartha have reported that the biodegradation of pyrene was faster at the oil-microbe interface than at the aqueous phase in a slurry-type bioreactor. 15) Watanabe and coworkers found that Acinetobacter sp. Tol5, which shows monolayer adsorption to water-oil interfaces, rapidly mineralizes toluene in an aqueousorganic two-iquid phase culture. 16) These observations confirm the superiority of lipophilic bacteria as a wholecell biocatalyst in anhydrous reaction media.
Recombinant DNA techniques make it possible to introduce and overexpress genes encoding enzymes with desired activity in heterologous microbial hosts. Although several Rhodococcus host-vector systems have already been reported, all the vectors used were constructed using the replication machinery of relatively small circular plasmids (<10 kb) with 40-70 copy numbers. 10, [17] [18] [19] To achieve a complex multi-step biocatalytic reaction, cloning vectors capable of accepting and maintaining large DNA fragments are preferred. To date, only a limited number of host-vector systems, including cosmid, fosmid, and bacterial artificial chromosome (BAC) vectors in Escherichia coli and yeast artificial chromosome (YAC) vectors in Saccharomyces cervisiae, are available to deal with DNA fragments larger than 20 kb. Whole-genome analysis of several rhodococcal strains revealed the presence of large circular plasmids. 20, 21) Identification of the replication machinery of these plasmids should enable to construct a cloning vector to introduce large DNA fragments into rhodococcal strains. Sequence similarity analysis of pREC1 (104 kb) from R. erythropolis PR4 suggested that the partition proteins (ParA and ParB) and replication initiation protein (Rep) encoded in the plasmid are likely to be responsible for its replication and maintenance, 21) but no functional demonstration of the replication machineries of rhodococcal large circular plasmids has been reported. In this study, we identified y To whom correspondence should be addressed. Tel: +81-6-6879-7438; Fax: +81-6-6879-7439; E-mail: honda@bio.eng.osaka-u.ac.jp the replication regions of the 111-kb circular plasmid pKNR from R. opacus B-4 employing a PCR-based deletion technique.
Materials and Methods
Bacterial strains and growth conditions. E. coli strains were grown in Luria-Bertani (LB) medium, 22) at 37 C except that a growth temperature of 30 C was employed for the cultivation of E. coli harboring pKD46. 23) R. opacus strains were grown in tryptic soy broth (TSB; Difco Laboratories, Detroit, MI) at 30 C. The antibiotics used to select transformants in the culture media were ampicillin (50 mg/ mL), kanamycin (50 mg/mL), tetracycline (20 mg/mL for E. coli and 5 mg/mL for R. opacus), and chloramphenicol (20 mg/mL for E. coli and 5 mg/mL for R. opacus). pKNR-cured R. opacus B-4 was obtained as follows: A transposon mutant of R. opacus B-4, which includes the insertion of a kanamycin-resistant gene in pKNR, was repeatedly subcultured (24 h Â 3 times) in TSB media without kanamycin. The cells were plated on an agar medium without kanamycin to promote colony formation, and then the colonies were transferred to a fresh agar medium containing the antibiotic. From the 60 colonies tested, one kanamycin-sensitive mutant was obtained. The mutant was selected as a pKNR-cured mutant, and was designated R. opacus B-4/ÁpKNR. A genomic map and the entire sequence of the whole genome of R. opacus B-4 is available at DOGAN (http://www.bio.nite.go.jp/ dogan/top). Putative open reading frames (ORFs) of pKNR were named following the names in the database.
Genetic manipulation. Standard recombinant procedures were used. 22) The plasmids used in this study are listed in Table 1 . PCR was performed using PrimeStar DNA polymerase (Takara Bio, Shiga, Japan) following the manufacturer's instructions with the addition of 2.5% dimethyl sulfoxide and glycerol. The primers used are listed in Table 2 . Transformation of R. opacus strains was carried out as described previously. 19) For the isolation of plasmids from R. opacus, recombinant cells were incubated with 10 mg/mL lysozyme (Wako Pure Chemical, Osaka, Japan) in 25 mM Tris-HCl (pH 8.0) at 37 C for 30 min, and then treated by the standard alkaline lysis method. 22) Linear DNAs contaminating the plasmid solution were digested with RecBCD nuclease (Epicentre, Madison, MD), and the circular plasmid was further purified by polyethylene glycol precipitation. Nucleotide sequence motifs were analyzed with GENETYX ver. 11.0 (Genetyx, Tokyo) and HarrPlot (Genetyx) programs. Protein motif and domain analyses were performed using the BLAST and Pfam 24) programs.
Deletion of pKNR.
A schematic illustration of the deletion analysis procedure is shown in Fig. 1 . Deletion of pKNR was done by replacing 10-40-kb segments of the plasmid with a tetracyclin-resistant gene by the Red recombination technique. 23) Since the introduction and maintenance of pKNR in E. coli are necessary for the Red recombination, an E. coli BAC vector, pBAC-Lac, 25) was integrated into pKNR. An approximately 1-kb internal fragment of pKNR 00880, a putative ORF of pKNR, was amplified by PCR using a primer set of 880-F and 880-R ( Table 2 ). The amplicon was digested with BamHI and HindIII and then introduced into the corresponding sites of pBACLac. The kanamycin-resistant gene of pTNR 26) was isolated by ScaI and HincII digestion and introduced in the ScaI restriction site of pBAC-Lac having the internal fragment of pKNR 00880. The resulting plasmid was then transformed in R. opacus B-4 and kanamycinresistant transformants were selected. After confirmation of the correct integration of pBAC-Lac in pKNR by colony PCR, the resulting plasmid, designated pKNR-BAC, was isolated and transformed in E. coli BW25113 harboring pKD46. 23) A tetracyclin-resistant gene franked by 50-bp fragments homologous to the adjacent upstream and downstream regions of the segment to be deleted was amplified by PCR using pACYC184 27) and adequate sets of oligonucleotides (ÁS1L-ÁS4R in Table 2 ) as template and primers respectively. The PCR product was introduced into E. coli BW25113 harboring pKNR-BAC and pKD46 by electroporation. Replacement of the target segment with the tetracyclin-resistant gene was confirmed by colony PCR. Two rounds of PCR were conducted using locus-specific primers, which annealed to approximately 500-bp upstream and downstream regions of the deleted segment (C S1U-C S4D), and the respective common primers annealing to the tetracycline-resistant gene (tet R -1 and -2). The deleted plasmid was isolated from the E. coli transformant and used in the transformation of R. opacus B-4/ÁpKNR. (Table 2) , which were computationally designed using the Primer Premier program (PREMIER Biosoft, Palo Alto, CA), were used to amplify an approximately 100-bp fragment of the chromosomal DNA and that of pKNR 00090 on the plasmid, respectively. PCR was conducted using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) following the manufacturer's instructions. The copy numbers were calculated as the mean threshold cycle (C T ) values of the amplicon from the chromosomal DNA (single-copy reference) as compared to that from the plasmid using the formula 2 ÁCT , where ÁC T is the difference between the threshold cycle number of the reference and the plasmid-borne DNAs.
Plasmid stability. R. opacus, harboring a test plasmid, was precultivated in 5 mL of TSB supplemented with kanamycin for 24 h. The pre-culture was then inoculated into 5 mL of fresh TSB medium with and without kanamycin to give an optical density at 600 nm of 2 Â 10 À2 . The optical density was determined using a U-2450 spectrophotometer (Shimadzu, Kyoto, Japan). After cultivation for 24 h, bacterial cultures were diluted with sterilized water and then plated on TSB agar medium without kanamycin to determine the total number of viable cells, and on a medium with kanamycin to determine the percentages of cells containing the plasmid.
Results and Discussion
Deletion analysis of pKNR A total of 102 putative ORFs have been annotated on pKNR by National Institute of Technology and Evaluation (NITE), Japan (http://www.bio.nite.go.jp/dogan/ top). Among these, no gene product showed significant similarity to known replication initiator proteins. On the other hand, several ORFs encoded proteins with certain similarities to those involved in the replication and partitioning of DNA. For example, the product of pKNR 00540 shared 76% identity with a putative DNA helicase of Rhodococcus jostii RHA1.
28) The products of pKNR 00040 and pKNR 00380 showed significant similarities to plasmid partitioning proteins, ParA and ParB respectively. Let us assume that they or other plasmid-encoded proteins cooperatively play essential roles in the replication of pKNR. Since these ORFs are distantly located from one another, a conventional strategy for the identification of plasmid replication machinery, which consists of restriction digestion, subcloning of the digested fragments, and replicability tests on them in the host strain, would fail to recover all the genes required for replication (Fig. 2) . On the basis of this assumption, we employed another strategy involving the construction of deletion derivatives of pKNR and replicability tests on them in R. opacus B-4 to check the necessity of the deleted regions. The Red recombination technique 23) was available for one-step replacement of a large DNA segment with a PCR-generated selectable marker cassette. To achieve this, pKNR had to be introduced in E. coli with the recA+ genotype.
During the course of our study on cell-surface lipophilicity, we constructed a transposon-mutant library of R. opacus B-4 using transposon vector pTNR, 26) and screened for mutants with altered cell-surface properties (unpublished data). Among them, we found a mutant showing rough colony morphology, and found that the transposon-insertion site of the mutant was located at the 94,083th nucleotide position of pKNR. Complementary analyses revealed that the altered colony morphology of the mutant did not arise from the transposon insertion, and that this mutant plasmid, designated pKNR::Tn, could serve as a tool for the manipulation and characterization of pKNR. Since the transposon of pTNR contains the ColE1-type replication origin for E. coli, first we investigated the replicability of pKNR::Tn in E. coli, but the plasmid could not be introduced into E. coli, probably due to the inability of the replication machinery to maintain a large-size DNA. To introduce the whole length of pKNR in E. coli, an E. coli BAC vector, pBAC-Lac, was integrated into pKNR by homologous recombination. The transposon-insertion site of pKNR::Tn was located at a putative ORF, pKNR 00880. This indicated that the product of pKNR 00880 was not involved in the replication of pKNR, and hence it was selected as a recombination site for the integration of pBAC-Lac. The resulting plasmid, pKNR-BAC, was successfully transformed and maintained in E. coli BW25113.
For deletion analysis, pKNR-BAC was divided in four segments, S1 (ranging from nucleotide position 103,438 to 11,890), S2 (11,941-38,990), S3 (39,041-82,710), and S4 (82,761-94,082) segments, and each segment was replaced with a tetracyclin-resistant gene by Red recombination (Fig. 2) . Pulse-field gel electrophoresis analysis confirmed that the deletion plasmids, designated pKNRÁS1, pKNRÁS2, pKNRÁS3, and pKNRÁS4 respectively, possessed the correct length (Fig. 3) . When these plasmids were separately transformed in R. opacus B-4/ÁpKNR, only pKNRÁS1 failed to yield tetracycline-resistant transformants. To confirm further the dispensability of the S2, S3, and S4 segments for plasmid replication, these segments were simultaneously replaced by the tetracycline-resistant gene, which was amplified by PCR with a primer set, ÁS2L and ÁS4R. The resulting plasmid, designated pKNRÁS2-4, was successfully transformed into R. opacus B-4/ÁpKNR. These results confirmed that the elements required for the replication of pKNR are located only in the S1 segment.
Determination of the pKNR replication region
The finding that the replication region of pKNR is located only in the S1 segment motivated us to employ a conventional, restriction-digestion based approach to narrow down the region required for plasmid replication. Plasmid pKNRÁS2-4 was digested by EcoRI. The resulting fragments were ligated to pHSG299 29) and then introduced into R. opacus B-4/ÁpKNR. All the transformants possessed plasmids harboring an identical EcoRI fragment of 8.4 kb. The resulting fragment was then digested further with other restriction enzymes, and finally a 4,021-bp KpnI-SalI fragment was identified to be essential for the plasmid replication (Fig. 4) . The 4,021-bp KpnI-SalI fragment, ranging from the 7,272nd to the 11,288th nucleotide position of pKNR, contained two putative ORFs, pKNR 00089 and 00090. We proceeded to amplify two DNA fragments containing the whole lengths of the ORFs by PCR using primer sets, 89 F/89 R and 90 F/90 R ( Table 2) respectively. Amplicons were introduced into the SmaI site of pHSG299 and then transformed into R. opacus B-4/ ÁpKNR. Only the plasmid having a 2,542-bp fragment covering pKNR 00090 could yield transformants, and it was designated pHSG-rep2.5. To demonstrate the maintenance of pHSG-rep2.5 in the recombinant R. opacus, four transformants were selected randomly and their total DNAs were isolated. They were digested with EcoRV, which has one recognition site on the plasmid, and then subjected to Southern blot analysis with pHSGrep2.5 as probe. All the samples gave signals with a size identical to the EcoRV-digested pHSG-rep2. 5 . This indicates that pHSG-rep2.5 can be maintained as a plasmid without being integrated in the chromosomal DNA of R. opacus (data not shown).
A database search revealed that the product of pKNR 00090 had 31, 26, and 25% identity to hypothetical proteins encoded in other large circular bacterial plasmids including pCM2 (70 kb) of Clavibacter michiganensis, 30) pAO1 (165 kb) of Arthrobacter nicotinovorans, 31) and pNF2 (87 kb) of Nocardia farcinica 32) respectively. The hypothetical protein of Clavibacter michiganensis is encoded in a 7.7-kb NcoI-SspI fragment required for the replication of pCM2. 33) These observations suggest that the product of pKNR 00090 and its orthologs serve as replication proteins for large circular bacterial plasmids, but they have not been analyzed functionally, and database searches of their amino acid sequences gave no significant similarity with known functional motifs and domains. Further minimization of the replication region and detailed analysis of the transcriptional product of pKNR 00090 are necessary to elucidate the replication mechanisms of pKNR and related bacterial plasmids.
Characterization of the mini-plasmid
The capability of E. coli BAC vectors to maintain large DNA inserts stably is closely related to their copynumber controlling mechanisms. 34) These vectors are maintained at low copy numbers (one or two copies per cell), and thus can reduce the frequency of recombination between inserted DNA fragments. 34) Quantitative real-time PCR analysis revealed that the copy numbers of pKNR-BAC and pHSG-rep2.5 in R. opacus B-4 were 2:3 AE 0:5 and 1:7 AE 0:6 respectively. This suggests that the identified replication machinery of pKNR is applicable to the construction of a novel plasmid vector that can maintain a large-size DNA in R. opacus. The copy number of the F-factor plasmid, whose replicon is used in constructing E. coli BAC vectors, was controlled through interaction between the replication initiator protein (RepE) and repetitive sequences flanking the repE gene (the incC and ori2 iterons). 35) Similar copynumber controlling mechanisms, termed the ''handcuffing model,'' have been found in other bacterial lowcopy number plasmids, including P1, R6K, and RK2 plasmids. 36) On the other hand, no iteron-like repetitive sequence was found in the identified region, suggesting that the copy number of pKNR is regulated by totally different mechanisms.
We also investigated the compatibility of pHSGrep2.5 with other E. coli-Rhodococcus shuttle plasmids. Two compatible plasmids, pTip-QT2 (a putative -type plasmid with a tetracyclin-resistant gene) and pTip-RC2 (a rolling-cycle type plasmid with a chloramphenicolresistant gene), 18) were transformed into R. opacus B-4 ÁpKNR. The introduction of pHSG-rep2.5 into the resulting recombinant R. opacus B-4 gave transformants on a TSB plate containing kanamycin, tetracyclin, and chloramphenicol. Plasmid DNAs were then isolated from triple-antibiotic resistant R. opacus B-4, and then separately transformed into E. coli DH10B. Gel electrophoresis analysis of the plasmids re-isolated from the E. coli recombinants indicated that they were of the size as the original plasmids (data not shown). This indicates that pTip-QT2, pTip-RC2, and pHSG-rep2.5 can be introduced and maintained as plasmid DNAs in both R. opacus B-4 and E. coli.
The stability of pKNR-BAC, pKNRÁS2-4, and pHSG-rep2.5 was assessed by cultivating recombinant R. opacus B-4 harboring each plasmid for 24 h (approximately seven generations). Although pKNR-BAC and pKNRÁS2-4 were maintained stably regardless of the addition of kanamycin, the stability of pHSG-rep2.5 was comparatively poor, particularly under non-selective stress conditions (Table 3) . After longer-term cultivation of R. opacus B-4/pHSG-rep2.5 with repeated subculturing (24 h Â 3 times, approximately 21 generations) in the presence and the absence of kanamycin, the ratios of the plasmid-retaining cells decreased to 61 AE 6 and 0:089 AE 0:07% respectively. This indicates that the product of pKNR 00090 was involved only in the replication of pKNR, not in stabilization. The stable maintenance of pKNRÁS2-4 suggests that plasmid stabilizing factors were encoded in the S1 segment of pKNR. In fact, a unique ADP-binding domain and a nucleotide triphosphate hydrolyzing domain, which are Putative ORFs are shown by gray arrows. White arrows indicate ORFs whose products showed significant similarity to known DNA replication and partitioning proteins. The ORF, pKNR 00090, which was found to be involved in the replication of pKNR, is indicated by a black arrow. commonly found in a bacterial plasmid partitioning protein, ParA, were conserved in the deduced amino acid sequence of the product of pKNR 00040, which was located in the S1 segment (Fig. 4) . The overall amino acid sequence of this ORF showed 50% identity to that of the ParA from Leifsonia xyli subsp. cynodontis, which is involved in the stable partition of a 51-kb cryptic plasmid, pCXC100. 37) Almost all the plasmidencoded par loci involved a cis-acting centromere-like site (parS) and two trans-acting proteins (ParA and ParB). Li and coworkers found that a putative ORF located just downstream of parA is also involved in the stable maintenance of pCXC100. This implies that this ORF encodes a protein with a ParB-like function, though it exhibits no sequence similarity to known ParB proteins.
37) The amino acid sequences of the product of this ORF and that of pKNR 00030, located adjacent to pKNR 00040 (Fig. 4) , shared 27% identity. This fact suggests the possibility that pKNR 00030 and 00040 play a joint role in the stabilization of pKNR. The isolation and characterization of these genes and their products is in progress to develope a stable transformation system using a pKNR-derived plasmid vector. Putative ORFs are shown by gray arrows. The black arrow indicates pKNR 00090. ORFs whose products exhibited significant similarity to known plasmid DNA partitioning proteins are shown by white arrows. 
